Abstract-Underfill encapsulant is critical to the reliability of the flip-chip solder joint interconnects. Novel no-flow underfill encapsulant is an attractive flip-chip encapsulant due to the simplification of the no-flow underfilling process. To develop the no-flow underfill material suitable for the no-flow underfilling process of flip-chip solder joint interconnects, we have studied and developed a series of metal chelate latent catalysts for the no-flow underfill formulation. The latent catalyst has minimal reaction with the epoxy resin (cycloaliphatic type epoxy) and the crosslinker (or hardener) at the low temperature (< 180 C) prior to the solder reflow and then rapid reaction takes place to form the low-cost high performance underfills. The effects of the concentration of the hardener and catalyst on the curing profile and physical properties of the cured formulations were studied. The kinetics and exothermic heat of the curing reactions of these formulations were investigated by differential scanning calorimetry (DSC). Glass transition temperature (Tg) and thermal coefficient of expansion (TCE) of these cured resins were investigated by thermo-mechanical analyzer (TMA). Storage moduli (E 0 ; E 00 ) and crosslinking density of the cured formulations were measured by dynamic-mechanical analyzer (DMA). Weight loss of these formulations during curing was investigated by thermo-gravimetric analyzer (TGA). Additionally, some comparison results of our successful novel generic underfills with the current commercial experimental no-flow underfills are reported.
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I. INTRODUCTION

P
OLYMERIC materials are increasingly being used in microelectronics applications because of their low cost and high performance properties such as low dielectric constant, ease in process, etc. [1] . An important trend of developing a semiconductor device is the miniaturization, aiming at high density and complex functionality of electronic products. Accompanying this trend, controlled collapse chip connection ( ) and direct chip attachment (DCA) technology are attracting attentions and developments [2] . While and DCA techniques become popular, the problem with TCE mismatch between the silicon IC chip and the high TCE and low-cost organic substrate becomes critical, in particular with the larger IC chips and fine-pitch, low profile solder joints. Due to the Manuscript received February 1, 1998; revised May 1, 1998 . This work was supported by NSF, The Georgia Tech Packaging Research Center, and DARPA. This paper was recommended for publication by Associate Editor C. C. Lee upon evaluation of the reviewers' comments.
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thermal mismatch between the silicon IC (2.5 ppm) and low cost organic substrates, in particularly, the FR-4 printed wiring board (18-24 ppm/ C), the temperature cycling excursions generate tremendous thermo-mechanical stress to the solder joints and subsequently result in performance degradation of packaged systems. The underfill serves as an adhesive to reinforce the physical and mechanical properties of the solder joints between the chip and the substrate. The encapsulant does not only provide drastic fatigue life enhancement, but also provides the corrosion protection of the IC, resulting in ten to hundred folds improvement in fatigue life as compared to an unencapsulated package [3] . As such, the new technique of underfill encapsulation has been gaining acceptance [4] . However, most of current underfill encapsulants are dispensed on one or two edges of an assembled flip-chip package. This allows capillary action to draw the underfill into the gap between the chip and substrate of the assembled package to complete the encapsulation process as shown in Fig. 1 . Some of the state-of-the-art underfill encapsulants can completely fill a 2 mil ( 50 m) gap with 1/4 in (6.35 mm) chip within one minute. But the process of reflowing solder bump and the process of underfilling and curing the encapsulants are separate processing steps, as such, it results in lower production efficiency.
The No-flow underfilling process was invented to simultaneously reflow solder bump and cure the underfill [4] - [6] , [10] - [11] . As shown in Fig. 2 . The No-flow underfilling process not only eliminates the strict limits on the viscosity of underfill encapsulants and package size, but also improves the production efficiency.
A successful no-flow underfill encapsulant should meet the following requirements.
1) Minimal curing reaction occurs at the temperature below solder bump reflow temperature ( 180-210 C). 2) Rapid curing reaction takes place after the completion of the solder bump reflow. 3) Good adhesion to the passivation layer of chips, substrates, solder masks and solder joints. 4) Low TCE and reasonable moduli to minimize the residual thermal stress resulted from the curing process and subsequent cooling. Based on these requirements, epoxy-based encapsulant was chosen for the no-flow underfill material. Some advantages of epoxy resins are low-cost, adjustable curing temperature and curing rate (by selecting proper catalyst), good adhesion to most of substrates. However, little research work was done in 1070-9886/98$10.00 © 1998 IEEE this area and few successful commercial products are available. Therefore, this paper explored some potential epoxy-based formulations for the no-flow underfill application, characterized their properties and studied their reaction mechanism. Table I lists the chemical structures of epoxy resin, hardener and catalysts used in the experiments. The epoxy resin is 3, 4-epoxy cyclohexyl methyl-3, 4-epoxy cyclohexyl carboxylate provided by Union Carbide under the trade name ERL-4221D and used as received. The molecular weight and epoxide equivalent weight (EEW) of the epoxy resin is 252.3 g/mol and 133 g, respectively. The hardener (or crosslinker) is hexahydro-4-methylphthalic anhydride (HMPA) purchased from Aldrich Chemical Company, Inc. and used as received. HMPA molecular weight is 168.2 g/mol and its purity is more than 97%. Co(II) acetylacetonate was used as curing catalyst for this study. Their usage quantities are listed in Table I .
II. EXPERIMENTS
A. Chemical Ingredients of the No-Flow Underfill Material
B. Preparation of Underfill Formulations
The specified quantity of hardener was added into the epoxy resin and the mixture was stirred for 15 min at 60-70 C.
Thereafter, a specified quantity of catalyst was added into the mixture and stirred for additional 30 minutes at 60-70 C until the catalyst was homogeneously dissolved. The formulations were then stored in a freezer at 40 C. When fillers or other additives are incorporated in these formulations, the frozen formulations would be warmed to room temperature and the desired fillers or additives could be incorporated into the master batch formulations.
C. Measurement Methods
1) Curing Profile and Differential ScanningCalorimetry (DSC) Measured Glass Transition Temperature
: To study the curing profile and of our underfill formulations, a modulated DSC instrument (by TA Instruments, Model 2920) was used. A sample of 10 mg of an underfill which had been equilibrated to room temperature from 40 C, was placed into a hermetic DSC sample pan. The sample was then heated in the DSC cell at 5 C/min to around 300 C to obtain the curing profile. To obtain the of the sample, the cured sample was left in the DSC cell and was cooled down to room temperature at 5 C/min. Then the sample was reheated to 280 C at 5 C/min to obtain the of the cured sample. 
2) Thermal Coefficient of Expansion (TCE) and Thermo-Mechanical Analyzer (TMA) Measured Glass
Transition Temperature
: Measurement of TCE and of a cured formulation was performed on a TMA instrument (by TA Instruments, Model 2940). A specimen for TMA testing was made by placing a liquid formulation into an aluminum pan (1.5-in diameter), then the specimen was transferred to a 80 C preheated convective oven, and then heated to 250 C at 3 C/min. Then, the sample was isothermally cured in the 250 C oven for another 15 min. After this heating, the sample was then removed from the oven and cooled to room temperature. A diamond saw was used to cut the cured sample into strips with dimensions of about 5 5 2 mm. After placing a specimen in the TMA instrument, heat was applied from room temperature to about 250 C at a rate of 5 C/min. The thermal coefficient of linear expansion was obtained from the thermal expansion quantity versus temperature. The inflection point of thermal expansion was defined as .
3) Dynamic Moduli and Dynamic Mechanical Analyzer (DMA) Measured Glass Transition Temperature
: The preparation of a specimen used for the DMA testing was the same as for the TMA testing and the experiments were performed on a DMA instrument (by TA Instruments, Model 2980). However, the dimension of the specimens for DMA test is longer and wider, about 32 11 3 mm. The measurement was performed in single cantilever mode under 1 Hz sinusoidal strain loading. Storage moduli , loss moduli , and loss tangent were calculated by the preinstalled software. The peak temperature of was defined as the .
4) Thermo-Gravimetric Analyzer Measured Weight Loss:
The weight loss of the formulations during curing was studied by a TGA instrument (by TA Instruments, Model 2050). A sample of 40 mg of a liquid formulation which had been equilibrated to room temperature from 40 C, was placed into a platinum TGA sample pan. The sample was then heated in the TGA furnace at 10 C/min to about 280 C under purging ( flow rate: 77 ml/min in vertical direction and 12 ml/min in horizontal direction). The percentage of weight difference between 25 C and 270 C was taken as the weight loss percentage of the formulation during curing.
III. RESULTS AND DISCUSSIONS
A. Comparison of Curing Profile of Underfills and Heating Profile of Solder Bump Reflow
The basic requirement of a no-flow underfill material must match the reflow profile of a specified solder bump, that is, a minimal curing reaction occurs before solder bump reflow but rapid curing reaction takes place thereafter. Fig. 3 describes the typical heating profile of a low-temperature reflowable eutectic tin/lead solder bump. It is seen that the reflowing peak temperature is higher than the melting point of eutectic solder ( 187 C). Usually, the reflowing peak temperature goes beyond the melting point of the solder bump materials by 20-40 C to ensure the completion of wetting of solder melt to metallic pads on the substrate. Accordingly, the noflow underfill materials should not gel before solder bump reflow but must complete the curing within a couple of minutes after that. Fig. 4 shows the curing profile of several underfill materials, including two commercial samples A and B. Except commercial A, all no-flow underfill formulations fit the heating profile of the eutectic tin/lead solder bump. Since some of our formulations have higher curing peak temperature, they can be used for some other solder bump alloys with higher reflowing temperature. Fig. 5 shows the of these no-flow underfill formulations. Again, except for the commercial A whose is around 93.6 C, all other formulations have higher than 150 C, which are suitable for underfill applications. Moreover, most of our no-flow underfill materials show much higher 's (200 C and more), which can be explored for higher melting point solder metallurgy. Fig. 6 shows the relationship between the curing peak temperature and the concentration of the hardener. The concentration of hardener has little effect on the curing peak temperature of the underfills. However, increasing the concentration of hardener can significantly decrease the TCE of the cured formulations in the lower hardener concentration region ( 70 wt% of the epoxy resin) and then level off in the higher hardener concentration region, as shown in Fig. 7 . The effect Fig. 6 . Effect of hardener concentration on the curing peak temperature. of the concentration of hardener on of the cured samples is somehow complex. The measured of the cured samples is different using different measuring methods. Fig. 8 plots the versus the concentration of hardener. It shows that there is a hardener concentration ( 80 wt% of epoxy resin) at which the of the cured formulation has a highest value. In the region lower than this hardener concentration, increasing the concentration of the hardener can greatly increase the of the cured samples; whereas in the region higher than this concentration, increasing the hardener concentration only results in the decrease of . However, of the cured samples increases with increasing the concentration of the hardener within the whole tested concentration range, which is shown in Fig. 9 . Fig. 10 is the TGA measured weight loss of the formulations during curing. It indicates that the effect of the hardener concentration on the weight loss depends on the added catalyst level. For low catalyst level (such as 0.1 wt% of the mixture of the epoxy resin and the hardener), the weight loss increases with the increase in the hardener concentration at the low hardener concentration region ( 80 wt% of the epoxy resin) and level off thereafter. For high catalyst level (such as 0.4 wt% of the mixture of the epoxy resin and the hardener), the hardener does not show noticeable effect on the weight loss. The various dynamic mechanical properties of the cured samples are tabulated in Table II . Fig. 11 shows the relationship between the and the concentration of the hardener. There is a hardener concentration ( 100 wt% of the epoxy resin) corresponding to the highest . Below this hardener concentration, the significantly increase with increasing the concentration of hardener; whereas above this hardener concentration, the slightly decreases with further increasing the hardener concentration. The case recorded in Fig. 11 is similar to the case described in Fig. 8 , except that the highest value appears at higher hardener concentration in Fig. 11 than that in Fig. 8 . The last column in Table II is the calculated crosslinking density using kinetic theory of rubber elasticity [9] . The crosslinking density can be determined by (1) as follows: (1) where is the storage elastic modulus of the cured samples at peak temperature of 40 C, 1 is a front factor (assumed as 1), is the gas constant, and is the absolute temperature. The assumption behind this calculation is that the cured epoxy resin is in real rubbery state at the temperature 40 C. Fig. 12 shows the calculated versus hardener concentration. It shows that the crosslinking density of the cured samples increases with increasing the hardener concentration within the investigated concentration range.
B. Effects of Hardener Concentration
Based on the experimental results mentioned above, the hardener concentration may play dual roles in affecting the final properties of the cured formulations: hardener and plasticizer. On one hand, increasing the hardener concentration in the epoxy resin from 50.58 wt% to 126.46 wt% drives the added amount of anhydride more and more close to its stoichiometric quantity with epoxy resins. Thus the crosslinking density increases with increasing the hardener concentration. Consequently, the TCE and of the cured samples increase with increasing hardener concentration since the TCE and are mainly affected by the crosslinking density. On the other hand, not all the anhydride molecules can effectively react with the epoxy resin and then become the polymeric network. Instead, increasing the concentration of the hardener can increase the concentration of small hardener molecules and/or chain ends in the cured network. These small hardener molecules and chain ends can act as a plasticizer to decrease the and since the free volume of the cured underfill increases with these increasing species. Thus, the net effect of the hardener concentration on and is determined by the competition between the effect from increasing crosslinking density and the effect from increasing small molecule quantity due to the increase of the hardener concentration. Therefore, it is not surprising that there is a hardener concentration corresponding to highest and . Fig. 13 shows the weight loss of the pure epoxy resin and hardener used in all the formulations. It indicates that the hardener begins to vaporize at 100 C and totally consumes at 220 C. The epoxy resin begins to vaporize at a higher temperature, and substantially faster at the temperature higher than 200 C. Thus, the low curing rate at low catalyst level allows more hardener molecules to vaporize at an elevated temperature. At high catalyst level, more volatile molecules (both epoxy resin and hardener) can react and form nonvolatile species during heating due to the higher curing rate, suppressing the hardener concentration effect. 
C. Effects of Concentration of Catalyst
Fig. 14 shows that increasing the concentration of catalyst significantly decreases the curing peak temperature. This effect appears more obvious in the low catalyst concentration region. However, increasing the catalyst concentration does not show noticeable effects on the TCE, and crosslinking density, which are plotted in Figs. 15-19, respectively. Fig. 20 shows that higher catalyst level always results in lower weight loss of the underfill during curing. Fig. 21 . Considering the fact that the added amount of the hardener is much more than the added amount of the catalyst, so increasing the catalyst concentration will increase the concentration of active species, and consequently decrease the curing peak temperature. However, the concentra- tion of active species does not affect the crosslinking density of the cured samples. Due to its very low concentration, the plasticizer effect of catalyst is minimal as compared to the hardener. Therefore, the catalyst concentration does not show any noticeable effect on the final properties of the cured samples. As mentioned above, higher catalyst level always results in higher curing rate, which is translated into the lower weight loss of the underfill during heating. 
D. Curing Mechanism of Epoxy/Anhydride/Metal Acetylacetonate System
The curing mechanism of epoxy/anhydride/metal acetylacetonate system is by no means clear at this time. However, research work in this field can go back to as early as 1981 or even earlier [7] . Based on the studies on the bisphenol A/anhydride/metal acetylacetonate system, Smith, et al. thought that the decomposition fragments of metal acetylacetonate is the most likely active species responsible for the initiation of polymerization in epoxy/anhydride resins. And they further pointed that the more likely initiation mechanism is the one involving an electron transfer between carboxylic anhydride and the liberated metallic cations to give a reactive initiating species, which can be described in (I) and (II) in Fig. 22 [7] . But this initiation mechanism can not explain the experimental results that both Co and Co acetylacetonates show virtually the same catalytic reactivity, and the red characteristic color of Co generally changes into green characteristic color of Co after curing. Therefore, we propose an alternative initiation mechanism here to explain all the experimental results that we had obtained. The initiation mechanism can be schematically shown in (III) and (IV) in Fig. 22 . The acetylacetonate anion is gradually released from the metal complex when it is heated to its melting temperature. The enolate type acetylacetonate anion is quite reactive and can effectively attack the carboxylic carbons of the anhydride and form a carboxylic anion which can further open the epoxy ring or another anhydride molecule to initiate anionic polymerization and form crosslinked network. This anionic polymerization is a facile reaction that cures the epoxy underfill in seconds prior to their exit from the surface mount reflow oven.
IV. CONCLUSION
Metal acetylacetonate is a potent latent catalyst for epoxy/anhydride based no-flow underfill formulations. The curing reaction peak temperature can be manipulated within the range from 195 to 230 C at the heating rate of 5 C/min., which is very useful for designing no-flow underfills for solder bump interconnects. The concentration of catalyst mainly affects the curing peak reaction temperature and the weight loss of the underfill during curing, but has little effect on TCE,
, and crosslinking density of the cured formulations. The concentration of hardener does not noticeably affect the curing profile of the formulations, but do affect the TCE, , crosslinking density of the cured formulations, and weight loss of the underfill during curing. Increasing the concentration of hardener results in decreasing of TCE and increasing of and crosslinking density of the cured samples. The effect of hardener concentration on the and of the cured samples and the weight loss of the underfill during curing depends on the concentration itself. In the low hardener concentration region, increasing the hardener concentration can increase the and , whereas in the high hardener concentration region, increasing hardener concentration results in the decrease of and . The hardener level effect on the weight loss of the underfill during curing depends on the catalyst level. At a low catalyst level, higher hardener concentration results in more weight loss, whereas this effect disappears at high catalyst level. The curing reaction is most likely initiated by the enolate type acetylacetonate anion which is released from the metal acetylacetonate during the no-flow underfill curing.
